Introduction {#Sec1}
============

As a wide bandgap semiconductor material, silicon carbide (SiC) and aluminum gallium nitride (AlGaN) exhibit excellent material characteristics such as high critical electric field, better anti-radiation effect, and good thermal conductivity, which make it suitable for ultraviolet (UV) detection \[[@CR1]--[@CR3]\]. The adjustable bandgap between 3.4 and 6.2 eV for the AlGaN-based photodetectors enables the controllable cutoff response wavelength ranging from 365 to 200 nm. However, due to the difficulty in growing high-quality Al-rich AlGaN compounds, the dark current for the AlGaN-based photodetectors is higher than that of SiC-based counterparts \[[@CR4]\]. Therefore, SiC-based photodetectors have gained extensive research interest. Up to date, 4H-SiC-based solid-state ultraviolet detectors comprise Schottky barrier diode, metal-semiconductor-metal (MSM) photodiode, p-i-n photodiode, and avalanche photodiode (APD) \[[@CR5]--[@CR9]\]. Due to the high avalanche gain, the small dark current and the low noise, 4H-SiC ultraviolet APDs have great application prospects in many cutting-edge fields that require weak ultraviolet signal detection, such as fire warning, quantum communication, and missile detection \[[@CR10]--[@CR12]\]. However, SiC material has a low light absorption coefficient, thus a common photodiode structure with a thin multiplication layer is difficult to achieve high quantum efficiency. The problem is not resolved until the separated absorption charge and multiplication (SACM) structure APD is proposed. On the one hand, the UV light can be effectively absorbed by the absorption layer, and on the other, the high internal gain can be obtained in the high-field multiplication layer by way of the impact ionization process. The impact ionization process in multiplication layer can be terminated by the charge control layer \[[@CR13], [@CR14]\]. The advantage for the SACM structure arises from the reduced noise, because only a single type of photo-generated carriers with larger ionization rate can be injected into the multiplication layer \[[@CR15], [@CR16]\]. To obtain a high detectivity for weak ultraviolet signal, SACM APDs with large active detection area shall be fabricated \[[@CR17]\]. However, the increased device size is accompanied by the significantly enhanced surface leakage current and bulk leakage current. Thus, this not only imposes a strict requirement on the quality of SiC epitaxial wafer, but also reflects a great challenge to the device fabrication process and device design. In the past few decades, Cree Company has greatly promoted epitaxial growth technology for SiC films, which thus has further led to the continuous improvement for crystalline quality. Most recently, Zhou et al. have proposed a variable-temperature photoresist reflow technique to create very smooth sidewalls for the beveled 4H-SiC APD mesa \[[@CR18]\], which enables a high multiplication gain of over 10^6^ and a low dark current of \~ 0.2 nA/cm^2^. Nevertheless, the previous research has more focused on improving the material quality and optimizing the fabrication technology for SACM APDs \[[@CR19]--[@CR21]\], while the impact of structural design on photo-generated carrier transport and photocurrent detectivity has been rarely discussed till now. Hence, in this letter, we systematically investigate the optoelectronic performance for large-area 4H-SiC-based SACM ultraviolet APDs with different structural designs. Meanwhile, insightful physical images and discussions are also provided. We believe the findings in this work are useful for researchers to optimize 4H-SiC APDs a lower cost.

As it is known, the large-scale carrier multiplication is generated when the impact ionization takes place, which, nevertheless, is strongly influenced by the thickness for the multiplication layer and the doping concentration for the charge control layer. The very strong electric field is produced in the multiplication layer for enabling the impact ionization. The electric field can be terminated by the charge control layer because of the larger doping concentration therein. In addition, we also find that, by modulating the energy band between the absorption layer and the charge control layer, we are able to adjust the spectral responsivity. A reasonable adoption of a positive beveled mesa can achieve a significant reduction in the sidewall surface electric field, which is helpful to suppress the dark current and edge breakdown. Detailed analysis and discussions will be conducted subsequently.

Research Methods and Physics Models {#Sec2}
===================================

Figure [1](#Fig1){ref-type="fig"}a shows the schematic cross-sectional view for a standard 4H-SiC SACM APD employed in this work, which possess n^+^-type 4H-SiC layer as the substrate. Then, the architectural stack comprises a 3-μm-thick p^+^-type layer (*N*~*a*~ = 1 × 10^19^ cm^−3^) serving as the p-type ohmic contact layer, a 0.5-μm-thick n^−^-type multiplication layer (*N*~*d*~ = 1 × 10^15^ cm^−3^) for carrier multiplication, a 0.2-μm-thick n-type charge control layer (*N*~*d*~ = 5 × 10^18^ cm^−3^) for terminating the impact ionization process, and a 0.5-μm-thick n^−^-type absorption layer (*N*~*d*~ = 1 × 10^15^ cm^−3^) to absorb the incoming photons. On top of the device structure, there is a 0.3-μm-thick n^+^-type ohmic contact layer (*N*~*d*~ = 1 × 10^19^ cm^−3^). A positive bevel angle (*θ* = 8°) is created for the mesa structure to suppress the edge breakdown \[[@CR22], [@CR23]\]. The diameter for the 4H-SiC SACM APDs is 800 μm. Both the cathode and anode contacts are considered as ideal ohmic contacts in our calculations. According to Fig. [1](#Fig1){ref-type="fig"}c and d, our results illustrate that the calculated results for the aforementioned standard 4H-SiC SACM APD structure exhibit the dark current of 2.5 nA/cm^2^, the breakdown voltage of 161.6 V, and the peak responsivity of 0.11 A/W at the wavelength of 280 nm. The calculated current--voltage characteristics and responsivity for standard 4H-SiC SACM APD are consistent with the experimental data. This fully proves that the impact ionization, 4H-SiC material absorption coefficient, Poisson's equation, current continuity equation, and drift-diffusion equations used in this work are reasonable. Here, we take the structure in Fig. [1](#Fig1){ref-type="fig"}a as the research benchmark while the investigated variables include beveled mesa angle, the thickness, and the doping concentration for each layer. Fig. 1**a** Schematic cross-sectional structure (not drawn in scale), **b** schematic energy band diagram under reverse bias for standard 4H-SiC SACM APD, **c** calculated current-voltage characteristics and the multiplication gain, and **d** calculated spectral response characteristics at the reverse voltage of 10 V for standard 4H-SiC SACM APD. Inset figure in **c** shows the measured current-voltage characteristics and the multiplication gain. Inset figure in **d** shows measured spectral response characteristics for standard 4H-SiC SACM APD biased at − 10 V

To better understand the impact of different structural variables on the photoelectric properties for 4H-SiC SACM APDs, Fig. [1](#Fig1){ref-type="fig"}b shows the schematic energy band diagram under reverse bias. The photo-generated electron-hole pairs in the absorption layer will diffuse into the multiplication layer by way of the charge control layer. After the photo-generated electron-hole pairs reach the multiplication region, they will be separated by the depleted electric field. Holes will then experience multiplication process in the multiplication layer, which gives rise to internal current gain. Meanwhile, the photo-generated electrons will return to the cathode and are converted into current without experiencing impact ionization. Important factors that influence the photocurrent include the electric field profiles in the multiplication layer, the energy band alignment in the charge control layer, the absorption layer, and the n-type ohmic contact layer, in which any energy barrier can hinder the carrier transport. It is also worth noting that the electric field profiles in the multiplication layer can be determined by the doping concentrations for both the multiplication layer and the charge control layer. Meanwhile, the beveled mesa angle is also substantially associated with the electric field distribution. We shall also pay attention to the thickness for each layer to ensure the high-efficiency carrier diffusion process. Therefore, it is important to systematically study these key structural parameters for optimizing the device performance.

The numerical investigations are conducted by APSYS, which can solve current continuity equations, Poisson's equations, and drift-diffusion equations consistently with proper boundary conditions. Both impact ionization and Zener tunneling processes have been included in drift-diffusion equations. The carrier-carrier scattering for the carrier transport process has also been included in low field mobility model. The Shockley-Read-Hall (SRH) recombination lifetime is assumed to 1 μs \[[@CR24]\]. Specifically, the field (*E*) dependence of the impact ionization coefficients for electrons (*α*~*n*~) and holes (*β*~*p*~) for 4H-SiC-based layers can be expressed by Chynoweth formulas (1) and (2) as follows, respectively \[[@CR25]\]: $$\documentclass[12pt]{minimal}
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The absorption coefficient (∂) in terms of different wavelengths (λ) for 4H-SiC material is calculated by the following Eq. (3) \[[@CR26]\]: $$\documentclass[12pt]{minimal}
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The other material parameters used in the numerical models can be found elsewhere \[[@CR27]\]. The calculations are based on finite element method, which requires users to properly adjust the mesh distributions for making accurate calculations.

Results and Discussions {#Sec3}
=======================

Impact of the Structural Parameters for the n-Type Ohmic Contact Layer on the Photoelectric Performance {#Sec4}
-------------------------------------------------------------------------------------------------------

In order to probe the effect of the thickness and doping concentration for the n-type ohmic contact layer on the photoelectric performance, we design reference device, devices L1 to L4, and devices A1 to A4, respectively. Note that reference device is the basic SACM APD structure as it is shown in Fig. [1](#Fig1){ref-type="fig"}a. Other proposed APDs are identical to the reference device except the n-type SiC ohmic contact layer, the detailed structural information for which is presented in Table [1](#Tab1){ref-type="table"}. Table 1Structural parameters for the n-type contact layer of the investigated devicesStructural information for the n-type contact layerDevice numberDoping type, doping concentration, thicknessDevice numberDoping type, doping concentration, thicknessDevice L1N^+^, 1 × 10^19^ cm^−3^, 0.1 μmDevice A1N^+^, 1 × 10^18^ cm^−3^, 0.3 μmDevice L2N^+^, 1 × 10^19^ cm^−3^, 0.2 μmDevice A2N^+^, 5 × 10^18^ cm^−3^, 0.3 μmReference deviceN^+^, 1 × 10^19^ cm^−3^, 0.3 μmReference deviceN^+^, 1 × 10^19^ cm^−3^, 0.3 μmDevice L3N^+^, 1 × 10^19^ cm^−3^, 0.4 μmDevice A3N^+^, 2 × 10^19^ cm^−3^, 0.3 μmDevice L4N^+^, 1 × 10^19^ cm^−3^, 0.5 μmDevice A4N^+^, 5 × 10^19^ cm^−3^, 0.3 μm

We firstly show the breakdown voltage in terms of the thickness for the n-type SiC ohmic contact layer in Fig. [2a](#Fig2){ref-type="fig"}, i.e., devices L1 to L4. The inset for Fig. [2a](#Fig2){ref-type="fig"} selectively demonstrates the dark current, the photocurrent under the illumination of 365 nm, and the gain for device L1. For device L1, the breakdown voltage is \~ 161.6 V and the dark current density remains at the level of \~ 2.5 nA/cm^2^ when bias is lower than 161.6 V. Note that the breakdown voltage is obtained at the current of 10^−5^ A. The dark current increases when the impact ionization process occurs. The photocurrent level becomes high in the linear region when the 365nm illumination shines onto the device, and this shows the multiplication gain can be over 10^3^ for device L1 at the reverse voltage of 161.6 V. The avalanche breakdown voltage for the five investigated APDs is summarized in Fig. [2](#Fig2){ref-type="fig"}a. From Fig. [2](#Fig2){ref-type="fig"}a, we can get that the thickness for the n-type ohmic contact layer has negligible effect on the breakdown voltage. To reveal the underlying mechanism for the observations, we calculate and show the vertical electric field distribution for reference device and devices L1 to L4 in Fig. [2](#Fig2){ref-type="fig"}b, which illustrates that the charge control layer confines the boundary for the depletion region and the electric field in the multiplication layer. Therefore, we can speculate that the n-type ohmic contact layer will not affect the electric field profiles in the multiplication layer and this is proven in Fig. [2](#Fig2){ref-type="fig"}b. The observations in Fig. [2](#Fig2){ref-type="fig"}b well interprets the identical breakdown voltage in Fig. [2](#Fig2){ref-type="fig"}a for reference device and devices L1 to L4. Next, we show the photo-generated current for the five devices in Fig. [2](#Fig2){ref-type="fig"}c. For better resolution, we collect the photo-generated current at the bias of 100 V which are shown in the inset for Fig [2](#Fig2){ref-type="fig"}c. We can see that the photo-generated current decreases with the increasing thickness for the n-type ohmic contact layer. A too thick n-type ohmic contact layer will cause the photo-generated carriers to have nonradiative recombination and correspondingly reduces the diffusion current. With the photo-generated current, we can get the spectral responsivity for reference device and devices L1 to L4 at the reverse voltage of 100 V in Fig. [2](#Fig2){ref-type="fig"}d. The peak response wavelength for the five investigated devices is centered at 280 nm. The responsivity decreases with increasing thickness of the n-type contact layer, which agrees with the inset for Fig. [2](#Fig2){ref-type="fig"}c. Therefore, we summarize here that the thickness for the n-type 4H-SiC ohmic contact layer shall be properly thin to avoid the increased nonradiative recombination and the reduced diffusion current. Fig. 2**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent-voltage characteristics under 280 nm illumination, and **d** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices L1 to L4 with different thicknesses of n-type ohmic contact layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics and the multiplication gain for device L1. Inset figure in **c** shows photocurrent for reference device and devices L1 to L4 biased at − 100 V

Next, we investigate the breakdown voltage as a function of the doping concentration in the n-type ohmic contact layer by analyzing reference device and devices A1 to A4 in Fig. [3](#Fig3){ref-type="fig"}a. The inset in Fig. [3](#Fig3){ref-type="fig"}a presents the dark current, the photo-generated current, and the gain in terms of the applied bias for device A1. The breakdown voltage is defined when the current reaches 10^−5^ A. According to Fig. [3](#Fig3){ref-type="fig"}a, the breakdown voltage hardly depends on the doping concentration in the n-type 4H-SiC ohmic contact layer. As has been demonstrated earlier, the charge control layer can effective confine the depletion region and the electric field in the multiplication layer. Hence, the variation for the doping concentration in the n-type ohmic contact layer does not affect the electric field distribution inside the device \[see Fig. [3](#Fig3){ref-type="fig"}b\]. We then calculate and show photo-generated current in terms of the applied bias for reference device and devices A1 to A4 in Fig. [3](#Fig3){ref-type="fig"}c. It can be seen from Fig. [3c](#Fig3){ref-type="fig"} that the doping concentration of the n-type ohmic contact layer has negligible effect on the photocurrent biased. The spectral responsivity at different wavelengths for the five investigated devices is shown in Fig. [3](#Fig3){ref-type="fig"}d. The data are computed at the reverse voltage of 100 V. The wavelength with maximum responsivity of \~ 0.11 A/W is 280 nm. Being consistent with Fig. [3](#Fig3){ref-type="fig"}c, the responsivity is less dependent on the doping concentration in the n-type ohmic contact layer. Therefore, we conclude that the responsivity is more influenced by thickness than the doping concentration for the n-type ohmic contact layer for 4H-SiC SACM APDs. We also suggest increasing the carrier diffusion length for the purpose of enhancing the responsivity. Fig. 3**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent-voltage characteristics under 280 nm illumination, and **d** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices A1 to A4 with different doping concentration of n-type ohmic contact layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics and the multiplication gain for device A1. Inset figure in **c** shows photocurrent for reference device and devices A1 to A4 biased at − 100 V

Impact of the Structural Parameters for the Absorption Layer on the Photoelectric Performance {#Sec5}
---------------------------------------------------------------------------------------------

In this section, the impact of the thickness and doping concentration for the absorption layer on the photoelectric performance for 4H-SiC-based SACM APDs is studied. The detailed structural information of the absorption layer for SACM APDs is summarized and shown in Table [2](#Tab2){ref-type="table"}. Devices M1 to M4 and devices B1 to B4 are structurally identical to reference device except the absorption layer. Devices M1 to M4 have different thicknesses while devices B1 to B4 possess various doping concentrations for the absorption layer. Table 2Structural parameters for the absorption layer of the investigated devicesStructural information for the absorption layerDevice numberDoping type, doping concentration, thicknessDevice numberDoping type, doping concentration, thicknessDevice M1N^−^, 1 × 10^15^ cm^−3^, 0.2 μmDevice B1N^−^, 5 × 10^14^ cm^−3^, 0.5 μmDevice M2N^−^, 1 × 10^15^ cm^−3^, 0.4 μmReference deviceN^−^, 1 × 10^15^ cm^−3^, 0.5 μmReference deviceN^−^, 1 × 10^15^ cm^−3^, 0.5 μmDevice B2N^−^, 5 × 10^15^ cm^−3^, 0.5 μmDevice M3N^−^, 1 × 10^15^ cm^−3^, 0.6 μmDevice B3N^−^, 1 × 10^16^ cm^−3^, 0.5 μmDevice M4N^−^, 1 × 10^15^ cm^−3^, 0.8 μmDevice B4N^−^, 5 × 10^16^ cm^−3^, 0.5 μm

By using reference device and devices M1 to M4, Fig. [4](#Fig4){ref-type="fig"}a shows the breakdown voltage in terms of different thicknesses for the absorption layer. For the purpose of demonstration, we calculate and present the dark current, the photo-generated current, and the gain as a function of the applied bias for device M1 in the inset of Fig. [4](#Fig4){ref-type="fig"}a. The breakdown voltage is collected when the current is 10^−5^ A. We can see that the breakdown voltage hardly depends on the thickness for the absorption layer. It is known that the breakdown voltage is strongly subject to the electric field intensity in the lightly doped multiplication layer, and hence, Fig. [4](#Fig4){ref-type="fig"}b shows the vertical electric field distribution for the five studied devices at the reverse bias of − 160 V. The electric field distributions for reference device and devices M1 to M4 are exactly the same, which confirms the conclusion in Fig. [4](#Fig4){ref-type="fig"}a. We subsequently demonstrate the photo-generated current and the responsivity in Figs. [4](#Fig4){ref-type="fig"}c and d, respectively. Both the photo-generated current \[see the inset for Fig. [4](#Fig4){ref-type="fig"}c\] and the responsivity show the trend of decrease with the increased thickness for the absorption layer. To further address the underlying mechanism, we also calculate and show the carrier distribution within the multiplication layer in Fig. [4](#Fig4){ref-type="fig"}e when the reverse bias is 100 V for the five investigated devices. We can see that both the electron and hole concentration levels decrease with the increasing absorption layer thickness, which is attributed to the enhanced nonradiative recombination when the absorption layer becomes thick. The nonradiative recombination consumes carriers, thus suppressing the diffusion current and the responsivity. Here, in order to avoid the carrier consumption by nonradiative recombination, we suggest that the absorption layer cannot be too thick for obtaining 4H-SiC SACM APDs with high detectivity. Fig. 4**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent-voltage characteristics under 280 nm illumination, **d** spectral response characteristics, and **e** carrier concentration profiles in the multiplication layer of the SACM APDs biased at − 100 V for reference device and devices M1 to M4 with different thicknesses of absorption layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics and the multiplication gain for device M1. Inset figure in **c** shows photocurrent for reference device and devices M1 to M4 biased at − 100 V

Besides the absorption layer thickness, the doping concentration for the absorption layer also has a significant impact on the device performance. We then calculate and show the breakdown voltage for reference device and devices B1 to B4 in Fig. [5](#Fig5){ref-type="fig"}a. The breakdown voltage is defined when the current is 10^−5^ A as shown in the inset of Fig [5](#Fig5){ref-type="fig"}a. It can be seen from Fig. [5](#Fig5){ref-type="fig"}a that the doping concentration for the absorption layer has no significant effect on the breakdown voltage. It can be further proven by the vertical one-dimensional electric field distributions in Fig. [5](#Fig5){ref-type="fig"}b, such that the doping concentration for the absorption layer does not significantly change the electric field profiles in the multiplication layer. We also present the photo-generated current at the wavelength of 280 nm for the studied devices in Fig. [5](#Fig5){ref-type="fig"}c, which indicates the improved photo-generated current when the doping concentration in the absorption layer increases. Agreeing well with Fig. [5](#Fig5){ref-type="fig"}c, the wavelength-dependent responsivity in Fig. [5](#Fig5){ref-type="fig"}d is also favored as the doping concentration for the absorption layer increases, e.g., device B4. Fig. 5**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent-voltage characteristics under 280 nm illumination, and **d** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices B1 to B4 with different doping concentration of absorption layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics and the multiplication gain for device B1. Inset figure in **c** shows photocurrent for reference device and devices B1 to B4 biased at − 100 V

In order to show the in-depth origin for the enhanced responsivity for device B4, we show the energy band profiles for the charge control layer, the absorption layer, and the n-type ohmic contact layer for devices B1 and B4 in Figs. [6](#Fig6){ref-type="fig"}a and b, respectively. Here, it is worth mentioning that the doping concentrations for the charge control layer and the n-type ohmic contact layer are 5 × 10^18^ cm^−3^ and 1 × 10^19^ cm^−3^, respectively. Therefore, the lower doping concentration for the absorption layer can generate a built-in electric field and create the energy barriers at interfaces of charge control layer/absorption layer/n-type ohmic contact layer \[[@CR28]\]. The energy barriers can retard the diffusion for the photo-generated carriers into the multiplication layer. A very convenient method that can reduce the barriers is to increase the doping concentration in the absorption layer. As a result, the effective valence band barrier values *ψ*~*v*~ for the charge control layer are 513 meV and 480 meV for devices B1 and B4, respectively. It is witnessed that the increased doping concentration for the absorption layer promotes the transport for the photo-generated holes \[see Fig. [6](#Fig6){ref-type="fig"}c\]. The impact ionization will become strong once more photo-generated holes can be injected into the multiplication region, which correspondingly results in the increased photo-generated current and the responsivity. Fig. 6Energy band diagrams of charge control layer, absorption layer and n-type ohmic contact layer for **a** device B1 and **b** device B4, **c** hole concentration profiles under 280 nm illumination for device B1 and B4. Data are calculated at the reverse voltage of 100 V

Impact of the Structural Parameters for the Charge Control Layer on the Photoelectric Performance {#Sec6}
-------------------------------------------------------------------------------------------------

To probe the impact of the thickness and doping concentration of the charge control layer on photoelectric performance, we set different architectural information for the charge control layer as shown in Table [3](#Tab3){ref-type="table"}. Devices N1 to N4 and devices C1 to C4 are different from reference device only in the charge control layer. Different doping concentrations and layer thicknesses are adopted for devices N1 to N4 and C1 to C4. Table 3Structural parameters for the charge control layer of the investigated devicesStructural information for the charge control layerDevice numberDoping type, doping concentration, thicknessDevice numberDoping type, doping concentration, thicknessDevice N1N, 5 × 10^18^ cm^−3^, 0.1 μmDevice C1N, 2 × 10^17^ cm^−3^, 0.2 μmReference deviceN, 5 × 10^18^ cm^−3^, 0.2 μmDevice C2N, 5 × 10^17^ cm^−3^, 0.2 μmDevice N2N, 5 × 10^18^ cm^−3^, 0.3 μmDevice C3N, 2 × 10^18^ cm^−3^, 0.2 μmDevice N3N, 5 × 10^18^ cm^−3^, 0.5 μmReference deviceN, 5 × 10^18^ cm^−3^, 0.2 μmDevice N4N, 5 × 10^18^ cm^−3^, 0.7 μmDevice C4N, 7 × 10^18^ cm^−3^, 0.2 μm

As has been mentioned previously, the electric field that enables the impact ionization and the avalanche breakdown is mainly confined in the multiplication layer. The breakdown voltage as a function of the thickness for the charge control layer in Fig. [7](#Fig7){ref-type="fig"}a infers that the thickness of the charge control layer has very slight effect on the carrier multiplication process. This is further proven by showing Fig. [7](#Fig7){ref-type="fig"}b. Figure [7](#Fig7){ref-type="fig"}c demonstrates the photo-generated current in terms of the applied bias for reference device and devices N1 to N4. The photo-generated current becomes low once the charge control layer thickness increased, which also translates the smaller responsivity with the increasing the thickness for the charge control layer. We also attribute to the enhanced nonradiative recombination that consumes carriers and suppresses the diffusion current. Fig. 7**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent-voltage characteristics under 280 nm illumination, and **d** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices N1 to N4 with different thicknesses of charge control layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics and the multiplication gain for device N1. Inset figure in **c** shows photocurrent for reference device and devices N1 to N4 biased at − 100 V

The role of the charge control layer is to confine the strong electric field and the carrier multiplication process within the multiplication layer. However, the depletion region width may be further extended as long as the doping concentration in the charge control layer decreases. The electric field profiles can then substantially affect the breakdown voltage, the photo-generated current, the gain, and the responsivity. Therefore, we design devices C1 to C4 in Table [3](#Tab3){ref-type="table"}. According to Fig. [8](#Fig8){ref-type="fig"}a, as the doping concentration decreases, the breakdown voltage initially remains the same, and then the breakdown voltage increases when the doping concentration for the charge control layer is below 2 × 10^18^ cm^−3^. The inset of Fig. [8](#Fig8){ref-type="fig"}a indicates that the breakdown voltage is \~ 315 V for device C1 while the dark current also rises to 3.5 × 10^−11^ A compared with that for device N1. To reveal the origin for the observations in Fig. [8](#Fig8){ref-type="fig"}a, we calculate the vertical electric field distribution in Fig. [8](#Fig8){ref-type="fig"}b, which demonstrates that the electric field is mainly concentrated in the multiplication layer for reference devices and devices C3 and C4. However, the electric field and the depletion region penetrate into the charge control layer when the doping concentration for the charge control layer is lower than 2 × 10^18^ cm^−3^. The expansion of the depletion region for devices C1 and C2 helps to reduce the electric field intensity and thus the breakdown voltage is correspondingly increased for devices C1 and C2. The increased depletion region width will yield more space charge generation current, which thus results in an increased dark current, i.e., 3.5 × 10^− 11^ A and 5 × 10^− 11^ A for devices C1 and C2, respectively. We then show the photo-generated current at the wavelength of 280 nm in Fig. [8](#Fig8){ref-type="fig"}c. The 100V-biased spectral responsivity curves at different wavelengths for the five investigated devices are illustrated in Fig. [8](#Fig8){ref-type="fig"}d. Excellent agreement is obtained between Figs. [8](#Fig8){ref-type="fig"}c and d, such that the increased photo-generated current gives rise to the enhanced responsivity, i.e., devices C1 and C2. Other devices show similar photo-current level and the responsivity. Fig. 8**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent biased at − 100 V, and **d** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices C1 to C4 with different doping concentration of charge control layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics and the multiplication gain for device C1. Inset figure in **c** shows photocurrent-voltage characteristics for reference device and devices C1 to C4

As has been interpreted previously, the energy band barrier height at the interface of multiplication layer/charge control layer can soundly affect the carrier diffusion. Due to the expansion of the depletion region for devices C1 and C2, the electric field in the depletion region will annihilate the energy barrier at the interface of multiplication layer/charge control layer \[e.g., the inset for device C1 in Fig. [9](#Fig9){ref-type="fig"}a\]. Meanwhile, we observe the valence band barrier at the interface of multiplication layer/charge control layer for device C4 according to the inset for Fig. [9](#Fig9){ref-type="fig"}b. The energy barrier will correspondingly retard the hole diffusion into the multiplication layer from the charge control layer. We also selectively compute and show the hole concentration profiles for device C1 and C4 in Fig. [9](#Fig9){ref-type="fig"}c. Because the interface of multiplication layer/charge control layer for device C1 no longer hinders the injection of photo-generated holes into the multiplication layer, more holes are limited in the charge control layer and the absorption layer for device C4. As a result, the hole concentration in the multiplication layer for device C1 is higher than that for device C4. Thus, the enhanced photo-generated current and the responsivity for device C1 are obtained when compared with device C4. Fig. 9Energy band diagrams for **a** device C1 and **b** device C4, **c** hole concentration profiles for device C1 and C4. Data are calculated at the reverse voltage of 100 V. Insets for **a** and **b** show the local energy band diagrams for multiplication layer/charge control layer for devices C1 and C4, respectively

Impact of the Structural Parameters for the Multiplication Layer on the Photoelectric Performance {#Sec7}
-------------------------------------------------------------------------------------------------

The impact ionization and the carrier multiplication process take place in the multiplication layer, making the design for the multiplication layer essentially vital for 4H-SiC SACM APDs. Therefore, we look into the impact of the thickness and doping concentration for the multiplication layer on the photoelectric performance for SACM APDs. The detailed structural information of the multiplication layer for different SACM APDs are summarized and presented in Table [4](#Tab4){ref-type="table"}. The only difference for the devices in Table [4](#Tab4){ref-type="table"} lies on the multiplication layer. Table 4Structural parameters for the multiplication layer for the investigated devicesStructural information for the multiplication layerDevice numberDoping type, doping concentration, thicknessDevice numberDoping type, doping concentration, thicknessDevice P1N^−^, 1 × 10^15^ cm^−3^, 0.3 μmDevice D1N^−^, 5 × 10^14^ cm^−3^, 0.5 μmDevice P2N^−^, 1 × 10^15^ cm^−3^, 0.4 μmReference deviceN^−^, 1 × 10^15^ cm^−3^, 0.5 μmReference deviceN^−^, 1 × 10^15^ cm^−3^, 0.5 μmDevice D2N^−^, 5 × 10^15^ cm^−3^, 0.5 μmDevice P3N^−^, 1 × 10^15^ cm^−3^, 0.6 μmDevice D3N^−^, 1 × 10^16^ cm^−3^, 0.5 μmDevice P4N^−^, 1 × 10^15^ cm^−3^, 0.7 μmDevice D4N^−^, 5 × 10^16^ cm^−3^, 0.5 μm

As Fig. [10](#Fig10){ref-type="fig"}a presents, the breakdown voltage is enhanced from 110 to 210 V when the multiplication layer thickness is increased from 0.3 to 0.7 μm. For the purpose of demonstration, the inset of Fig. [10](#Fig10){ref-type="fig"}a demonstrates the current in terms of the voltage for reference device and devices P1 to P4. This indicates that a thick multiplication layer helps to reduce the electric field intensity \[see Fig. [10](#Fig10){ref-type="fig"}b\] and increase the breakdown voltage. We then show the photo-generated current for the five devices in Fig. [10](#Fig10){ref-type="fig"}c. The photo-generated current increases slightly with increasing the thickness of the multiplication layer for devices P2 to P4, except that device P1 has the highest photocurrent. The spectral responsivity characteristics for the five investigated devices at the reverse voltage of 100 V are provided in Fig. [10](#Fig10){ref-type="fig"}d. The peak responsivity for reference device and devices P2 to P4 improves slightly as the thickness of the multiplication layer increases, and this is because the number of carriers generated by impact ionization increases when the depletion region width increases. Note that device P1 with the thinnest multiplication layer owns the highest peak responsivity at the wavelength of 280 nm. This is because the − 100 V applied voltage is close to Geiger mode for device P1, and the avalanche gain is more likely to occur than that for other devices. Fig. 10**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent biased at − 100 V, and **d** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices P1 to P4 with different thicknesses of multiplication layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics for reference device and devices P1 to P4. Inset figure in **c** shows photocurrent-voltage characteristics under 280 nm illumination for reference device and devices P1 to P4

Then, we show the breakdown voltage in terms of the multiplication layer doping concentration for reference device and devices D1 to D4 in Fig. [11](#Fig11){ref-type="fig"}a. It seems that when the doping concentration for the multiplication layer is lower than 10^16^ cm^−3^, the breakdown voltage is less affected. We believe the breakdown voltage can be significantly decreased if the doping concentration in the multiplication layer exceeds 10^18^ cm^−3^. The dark current as a function of the applied bias for the five APDs are shown in the inset of Fig. [11](#Fig11){ref-type="fig"}a. The dark current increases with increasing doping concentration of the multiplication layer due to the enhanced space charge generation in the depletion region. Therefore, for the purpose of significantly decreasing the dark current and promoting the carrier multiplication process, we rarely have the multiplication layer heavily doped. Then, we calculate the vertical one-dimensional electric field profiles for the five studied devices, which are demonstrated in Fig. [11](#Fig11){ref-type="fig"}b. We can see that the electric field profiles of the five devices are mainly confined in the multiplication layer. In addition, Figs. [11](#Fig11){ref-type="fig"}c and d demonstrate the photo-generated current and the wavelength-dependent responsivity for the five devices. We can see that the photo-generated current for reference device and devices D1 and D2 are almost the same under the 280 nm illumination, while that the photon-generated current for the devices D3 and D4 is slightly increased. Therefore, the responsivity at the wavelength of 280 nm in Fig. [11](#Fig11){ref-type="fig"}d for devices D3 and D4 is slightly higher than the others. Fig. 11**a** Breakdown voltage, **b** vertical electric field distribution of the SACM APDs biased at − 160 V, **c** photocurrent-voltage characteristics under 280 nm illumination, and **d** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices D1 to D4 with different doping concentration of multiplication layer, respectively. Inset figure in **a** shows the calculated current-voltage characteristics for reference device and devices D1 to D4. Inset figure in **c** shows photocurrent for reference device and devices D1 to D4 biased at − 100 V

Impact of the Beveled Mesa Angle on the Photoelectric Performance {#Sec8}
-----------------------------------------------------------------

In order to eliminate premature breakdown and suppress leakage current that are caused by the junction termination, positive beveled mesas with a small inclination angle are usually adopted when fabricating 4H-SiC APDs \[[@CR13]--[@CR16], [@CR18]\]. However, the angles of the positive beveled mesa adopted in previous reports are various. Thus, to get systematic insight into the influence of different mesa inclination angles on the electric field profiles for 4H-SiC SACM APDs, we design the devices that are shown in Table [5](#Tab5){ref-type="table"}. Table 5Structural parameters for the beveled mesa angle for the investigated devicesAngle for beveled mesaDevice numberAngleDevice numberAngleDevice E16°Device E320°Reference device8°Device E440°Device E210°Device E590°

We firstly calculate and show the dark current-voltage characteristics for the six investigated devices with the various bevel angles in Fig. [12](#Fig12){ref-type="fig"}a. We can see that the dark current increases as the positive beveled angle becomes large \[see Fig. [12](#Fig12){ref-type="fig"}a\]. The breakdown voltages for the investigated devices are \~ 161.6 V except that device E5 is slightly less than 161.6 V. The premature breakdown is observed as the beveled mesa angle increase in the dark condition. Meanwhile, we calculate and show photo-generated current in terms of the applied bias for reference device and devices E1 to E5 in Fig. [12](#Fig12){ref-type="fig"}b. We also see that the photo-generated current also increases as the positive bevel increases according to the inset for Fig. [12](#Fig12){ref-type="fig"}b. The premature breakdown is also observed as the beveled mesa angle increase in Fig. [12](#Fig12){ref-type="fig"}b. Therefore, the responsivity of solar-blind waveband at − 100 V slightly enhances as the positive bevel angle increases according to Fig. [12](#Fig12){ref-type="fig"}c. Fig. 12**a** Numerically calculated dark current-voltage characteristics, **b** photocurrent-voltage characteristics under 280 nm illumination, and **c** spectral response characteristics of the SACM APDs biased at − 100 V for reference device and devices E1 to E5, respectively

To reveal the origin for the observations in Figs. [12](#Fig12){ref-type="fig"}a and b, we calculate the lateral electric field distribution in the multiplication layer at the reverse bias of − 100 V in Fig. [13](#Fig13){ref-type="fig"}a, which demonstrates that, when the beveled mesas are utilized, the electric field decreases from the mesa center to the mesa edge. Moreover, the edge electric field intensity drops as the angle further decreases for the investigated devices. As has been mentioned, the junction termination will cause a large number of surface imperfections, which may cause the premature breakdown and the strongly leakage current, and the adopting of the beveled mesa shifts the premature breakdown from the mesa surface to the bulk \[[@CR29]\]. Moreover, to get a full picture for the electric field profiles, the two-dimensional electric field distributions at the reverse bias of − 100 V for reference device and devices E1 to E5 are presented in Figs. [13](#Fig13){ref-type="fig"}b-g. We can see that the area of the high electric field in the entire multiplication layer gets narrowed, and this simultaneously causes the carriers that regenerated by impact ionization to decrease. As can be seen from Table [6](#Tab6){ref-type="table"}, as the beveled mesa angle decreases, the surface electric field at the relative position of 700 μm decreases from 2.03 × 10^6^ V/cm to 2.90 × 10^5^ V/cm. As a result, the surface leakage and bulk leakage can be further suppressed as the beveled mesa angle get further decreased as shown in Fig. [12](#Fig12){ref-type="fig"}a. Although a small beveled mesa angle is preferred, this sacrifices the active detection area for APDs, and therefore, the responsivity is the lowest for device E1 according to Fig. [12](#Fig12){ref-type="fig"}c. Thus, one shall properly optimize beveled mesa angles depending on the crystalline quality for the 4H-SiC epitaxial layers and the surface conditions after junction termination. The suggested beveled angle in this works is in the range of 10--20°. Fig. 13**a** Lateral electric field distribution of the multiplication layer at − 100 V, and numerically calculated two-dimensional electric field distribution at − 100 V for **b** device E1, **c** reference device, **d** device E2, **e** device E3, **f** device E4 and **g** device E5 Table 6Surface electric field for the investigated devicesDevice numberDevice E1Reference deviceDevice E2Device E3Device E4Device E5Surface electric field (V/cm)2.90 × 10^5^3.94 × 10^5^4.96 × 10^5^9.89 × 10^5^1.86 × 10^6^2.03 × 10^6^

Conclusions {#Sec9}
===========

To summarize, we have numerically investigated and demonstrated the impact of the thickness and doping concentration of each layer on photoelectric performance for 4H-SiC SACM APDs. The obtained conclusions are as follows: (1) for n-type ohmic contact layer with a properly high doping concentration (*N*~*d*~ ≈ 1 × 10^19^ cm^−3^) to enable ohmic contact, the thickness and doping concentration hardly affect the breakdown voltage. Nevertheless, the responsivity decreases as the thickness of the n-type ohmic contact layer increases. The thickness shall be controlled to about 0.2 μm; (2) the doping concentration for the absorption layer is vitally important, which can modulate the photo-generated carrier transport and affect the responsivity. The doping concentration is generally controlled at the intrinsic concentration (*N*~*d*~ ≈ 1 × 10^15^ cm^−3^); (3) the doping concentration for the charge control layer regulates the electric field distribution and affects the depletion region width for 4H-SiC SACM APDs. The depletion region width increases as the doping concentration of the charge control layer decreases. According to our results, when the doping concentration is about 1 × 10^18^ cm^−3^, the depletion region can be completely terminated by the charge control layer; (4) the breakdown voltage can be strongly affected by the thickness of multiplication layer which is the main support region of the electric field. The dark current is sensitive to the doping concentration of multiplication layer, and a low doping concentration for the multiplication layer is required, since the doping concentration therein influences the space charge generation current. Thus, the suggested doping concentration in this works is intrinsic concentration (*N*~*d*~ ≈ 1 × 10^15^ cm^−3^); (5) we also point out the advantage of beveled mesa for 4H-SiC SACM APDs, and the optimized beveled mesa angles shall be a compromise among the active detection area, the surface conditions for the mesa, and the crystalline quality for 4H-SiC epitaxial films. This work indicates that the optimum beveled mesa angle is in the range of 10--20°. We strongly believe that this work provides the physical insight for the device physics and hence the findings in this work are very important for 4H-SiC-based SACM APDs.
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